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Fig. 1. The objective of this article is to evaluate whether small scale interactions during locomotion between a real user and a virtual human (right) are
similar in virtual conditions in comparison with real ones (left).
Abstract—Navigating in virtual environments requires using some locomotion interfaces, especially when the dimensions of the environments exceed
the ones of the Virtual Reality system. Locomotion interfaces induce some biases both in the perception of the self-motion or in the formation of virtual
locomotion trajectories. These biases have been mostly evaluated in the context of static environments, and studies need to be revisited in the new
context of populated environments where users interact with virtual characters. We focus on situations of collision avoidance between a real participant
and a virtual character, and compared it to previous studies on real walkers. Our results show that, as in reality, the risk of future collision is accurately
anticipated by participants, however with delay. We also show that collision avoidance trajectories formed in VR have common properties with real
ones, with some quantitative differences in avoidance distances. More generally, our evaluation demonstrates that reliable results can be obtained for
qualitative analysis of small scale interactions in VR. We discuss these results in the perspective of a VR platform for large scale interaction applications,
such as in a crowd, for which real data are difficult to gather.
Index Terms—Locomotion, Interaction, Evaluation, Experiment, Collision Avoidance, Virtual Reality.
1 INTRODUCTION
Navigation is a fundamental requirement in many Virtual Re-
ality (VR) applications. A lot of research has been devoted to
the design of efficient locomotion techniques to virtually walk
in immersive 3D environments. Especially, the level of realism
of the locomotion trajectories formed by some locomotion in-
terfaces as well as the accuracy of the perception of the virtual
travel was evaluated. Nevertheless, these questions of realism
and perception were generally addressed in static 3D environ-
ments, empty of any virtual people. Among many possible ap-
plications, we aim at using 3D environments populated with
virtual characters to study individual locomotion behaviors in
crowds. Then, the question of realism and perception using var-
ious locomotion techniques needs revisiting in the new context
of interactions with virtual characters.
The main purpose of this article is to investigate whether
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small scale interactions between a real user and a virtual hu-
man during locomotion tasks are preserved in VR compared
to interactions in real conditions. The long term objective is
to extend these results to larger scale interactions, such as in a
crowd, for which real human data are difficult to gather. Our
objective is a wide one. In this article we focus our study on
the situation of collision avoidance between a real human and a
virtual character.
A lot of research has been performed in Biomechanics to de-
scribe the collision avoidance interaction, which can be used
as a reference for evaluation purposes. More specifically, it
has been shown that humans accurately perceive others’ mo-
tion and risk of collision, allowing them to perform anticipated
adaptations of their trajectories. As a result, realistic interac-
tions between a real human and a virtual character first require
that the relative motion with the virtual character is correctly
perceived, and risk of future collision detected. Second, it is re-
quired that the employed locomotion interface does not induce
biases in the avoidance trajectories.
The contributions of this article are as follows:
1. we experimentally evaluate the ability of a real user to ac-
curately perceive the risk of collision with a moving char-
acter. We show that the level of perception is accurate
enough to expect realistic interactions
2. we experimentally compare various basic locomotion
techniques and show how they influence the virtually
formed locomotion trajectories.
3. we provide recommendations for the design of VR plat-
forms to perform human locomotion studies in the context
of interactions.
The remaining of the article is organized as follows. Section
2 describes related work with respect to the use of VR to study
human behavior as well as human interactions during locomo-
tion. Section 3 is the overview of the article and presents the
objectives, the approach we proposed as well as the general de-
scription of the experiments we conducted. Sections 4 and 5
describe respectively the experiments evaluating the perception
of the risk of collision in VR and the user’s behavior to avoid a
collision with a virtual human. Finally, the results are discussed
in Section 6.
2 RELATED WORK
2.1 VR-based human behavior studies
VR-based experimental platforms are powerful tools to perform
perception-action experiments [24]. They have been used more
and more to analyze sport motions [4], motion control [14],
perceptual control laws [48], or spatial cognition [26, 27]. VR
is used in such experiments because it allows experimenters to
expose a population to fully controlled stimuli, conditions can
be accurately repeated from trial to trial, stimuli can be inter-
active and adapted to participants’ responses, factors can gen-
erally be isolated and studied independently, virtual reality can
be manipulated to this end, etc. In this context, our long term
objective is to develop a VR experimental platform to study
individual locomotion behaviors in crowds with the aim of de-
veloping new crowd simulation algorithms.
Studying human motion in crowds requires large virtual en-
vironments, larger than any CAVE. This prevents users from
freely walking in the virtual environment and constraints the
use of locomotion interfaces. A locomotion interface is made
up of two main components, a locomotion metaphor (device)
and a transfer function (software). Both components may in-
troduce bias in the generated virtual motion. Several devices
can be used as locomotion interfaces [17] such as joysticks,
treadmills [40], the Joyman [34] or the Virtualizer (http://
cyberith.com/product/). None of these devices stim-
ulate all of the sensory channels involved in locomotion in a
realistic manner. Also, specific techniques were developed to
maximize the virtually reachable space, such as “walking-in-
place” [39, 44] or “redirected walking” paradigms [36, 41, 29]
which trick participants to walk in circles in the real environ-
ment while moving straight in the virtual one or the “computer-
mediated optic flow” which can modify self motion perception
[6]. Locomotion interfaces are not the only sources of bias in
experiments. VR platforms are designed to visually reproduce
real environments, but displays affect the available information.
For example, there are differences in perceived velocity [2],
walking speed is decreased [14], personal space size is modified
[16] and walking in VR is performed with increased instability
[18].
All these studies stress the need for validating VR tools be-
fore using VR for capturing and analyzing human motion data.
Several studies evaluated the influence of VR on human per-
ception and behavior. From a perceptual and cognitive point of
view, authors reported for example a distance compression in
VR [23, 50, 37] but this effect is reduced after five minutes of
continuous visual feedback [28]. Authors also used presence
and cybersickness questionnaires [39, 51, 49, 43] in order to
gather more subjective data from the users. From a locomotor
behavioral point of view, researchers proposed several metrics
to evaluate the trajectories generated in VR. An interesting and
objective approach for such an evaluation is to compare tra-
jectories performed under various VR conditions (locomotion
interfaces, control laws, viewing conditions...) with trajectories
performed in the real world. Studies on novel locomotion in-
terfaces evaluate virtual trajectories using performance criteria
[40, 51] (i.e., task completion time, traveled distance, walking
speed, steps characteristics...) or empirical observations of the
trajectory [51]. Ruddle et al. [38] also showed that speed pro-
file is an important clue to evaluate user proficiency in the task.
Fink et al. [14] used a different set of metrics, namely the mean
radius of curvature along the full path, the maximum euclidean
distance from a straight line between the origin and the target,
and the minimum euclidean distance between the path and the
obstacles of the virtual environment. Whitton et al.[49] used
Principal Component Analysis to study a set of VR trajecto-
ries, and found that for their specific constrained task velocity
profiles were mostly defined by the maximum velocity, the per-
cent of time to reach the maximum velocity, and the maximum
deceleration. Cirio et al. [10] evaluated the realism of uncon-
strained goal directed trajectories performed in VR using both
geometrical and temporal evaluation criteria (collisions, dura-
tion, tangential and angular velocity profile, shape...). Using
these comparison metrics, we are able to chose the conditions
of the VR platform that maximize the realism of the trajec-
tory performed [10]. Fink et al. [14] concluded that despite
the differences between virtual and real environment, the data
gathered with a VR platform can still be useful when carefully
considered.
There were a lot of studies concerning locomotion in VR [42]
as well as concerning the evaluation of walking trajectories in
VR. However, few of them took interest in the locomotion tra-
jectories performed during interactions with a virtual human.
Some studies have explored the influence of the nature of a
static obstacle (human/box, real/virtual) in the interacting lo-
comotion trajectory [1] or in an other task have investigated the
avoidance of moving obstacle in a bicycling task in VR [8]. Our
study focuses on the collision avoidance task between a real
user and a virtual human. Our approach follows similar princi-
ples to previous evaluations of locomotion interfaces [10, 38].
Major differences are that we consider the perception of some
virtual character’s motion, and the bias induced by locomotion
interfaces on adaptations (and not formation) of locomotion tra-
jectories.
2.2 Human interactions during locomotion
Human interactions during locomotion have been analyzed
considering several kinds of situations such as following be-
haviour [22], side-by-side [33] or face-to-face walking [12]
with another walker, group formation [20], or collision avoid-
ance. The latter situation received a lot of attention. Authors
studied the nature of information taken by a walker to predict if
there will be a collision and when it will occur [11], the adap-
tations a walker performs to step over [32] or circumvent [45]
a static obstacle, or described the interactions between walkers
and their environment as coupled dynamical systems [47, 13]
where heading is adapted according to the distance and the an-
gle to stationary goals and obstacles.
Other works focused on the avoidance of passive moving ob-
stacles. To avoid a moving mannequin on a 45° collision path,
human walkers adapt their motion both in the antero-posterior
and medio-lateral planes [15] to preserve their personal space,
defined as an elliptic subjective area around the walker. When a
participant and a mannequin are walking face-to-face, a 2-step
avoidance strategy is observed: first, a change in heading and
second, an adjustment of walking speed [9] with adaptations
always initiated at a constant distance from the obstacle.
When the passive obstacle is a confederate human on a 90°
collision path in a quite small area, a walker favors speed
changes even if it is not an optimal solution [3]. Using a larger
area, authors demonstrated that the walker’s adaptations depend
on crossing angle (from acute to obtus angles) and walking
speed conditions (slow, comfortable and fast speeds) [19]: path
is always adapted; speed is adapted only for acute angles and
its adaptations depend on the walking speed conditions.
Finally, few authors took interest in the more complex case of
collision avoidance between two walkers. For face-to-face in-
teractions, authors showed that gender and height influence the
collision avoidance strategies [46]. For 90° crossings, walk-
ers accurately estimate the future risk of collision since they
react only when required and they solve the collision avoid-
ance task with anticipation [31]. Moreover, these adaptations
are performed collaboratively but they are role-dependent [30].
Indeed, the crossing order impacts both the contribution and
the strategies used: the participant giving way contributes more
than the one passing first to avoid the collision. Both walkers
reorient their path but the participant giving way also adapts
his speed. These latter two studies [30, 31] proposed a detailed
metric to quantify interaction between two walkers in a colli-
sion avoidance task.
In this article, our intention is not to extend knowledge on
human interactions during locomotion. However, we want to
benefit from the last studies on collision avoidance between
two walkers. We aim at studying similar situations in the
context of interaction between a real human and a virtual
character. We further describe the method and result presented
in [30, 31] in Section 3.2. We propose to use these results




Figure 2 displays a VR interaction loop between a real user
and a virtual character and its main technical components. The
Fig. 2. Illustration of the interaction loop between a real user and a virtual character
in an immersive environment.
purpose of this study is to investigate whether small scale in-
teractions between a real user and a virtual human during a lo-
comotor task are preserved in VR. Our question is “Do users
avoid collision with the virtual character by performing the
same adaptations to their motion than what they would have
done in real conditions?”.
3.2 Approach
Real interactions between two walkers were studied in [30, 31].
Results show that humans adapt their trajectories when, and
only when, a risk of future collision is detected. This future
risk of collision is estimated by computing the future distance
of closest approach, assuming that walkers keep constant ve-
locity (speed and direction). Adaptations are performed to can-
cel risk of collision and pass at respectful distance from others.
What about interactions between real and virtual walkers? We
evaluate the VR interaction loop (Figure 2) by comparing inter-
actions performed by a real participant interacting with a virtual
walker with ones performed by 2 real walkers. We propose a
2-step experiments. Experiment 1 (Section 4) is a perception
study: the participant moves in the VR environment where a
virtual character is also moving. The participant is asked about
risk of collision with the virtual character. This step ensures
that the visual feedback provided to users enable them to cor-
rectly perceive risk of future collision as in real conditions. Ex-
periment 2 (Section 5) considers various locomotion interfaces
and their influence on the metrics of interaction.
To enable comparisons, we consider a situation of interac-
tion (relative motion and position) close to the one studied
in [30, 31], which focused on collision avoidance task during
90°crossings between two walkers in a large area (15m×15m).
They set occluding walls (2 m high by 3 m long) in the area so
that walkers cannot see each other before reaching their natural
speeds. Our comparison criteria are based on the mpd function
analysis (mpd means minimum predicted distance) introduced
in [31]. mpd is a continuous function of time which computes
the future distance of closest approach between two walkers
based on their current position, orientation and speed. Extrap-
olation of future positions assumes that walkers keep walk-
ing at the same orientation and speed. mpd function is ana-
lyzed over the interaction period of time, which ranges from
the time walkers are able to see each other to the time they
reach the closest distance. mpd is constant in time when walk-
ers do not perform adaptations of their respective trajectories
(i.e., changes in speed or orientation resulting in variations of
mpd). mpd thus reveals the effect of adaptations on the fu-
ture crossing distance as well as the temporal structure of col-
lision avoidance. It was shown that the reaction period takes
place when mpd increases due to walkers’ adaptations [31]. It
is preceded by an observation period (mpd is constant but low),
and followed by a regulation period (mpd is constant but high
enough for collision avoidance).
In our article, we use a signed version of the mpd, where
the sign is determined according to the order of passage at the
crossing point: negative mpd means that the user gives way,
whereas positive values means that the user passes first.
We formulate 2 hypotheses based on the expectation that col-
lision avoidance behaviors in VR match the properties of real
ones:
• Hypothesis #1: user accurately estimates the collision
risk with the virtual character. In real interactions, adapta-
tions (mpd variations) are observed if, and only if, a risk of
future collision exists (mpd value is low at the beginning
of interactions, < 1m). We check the perception of colli-
sion risk in Experiment 1, we also analyze the evolutions
of mpd in Experiment 2.
• Hypothesis #2: users anticipate collision. In real inter-
actions, having a regulation period (mpd constant with
high enough value) before walkers reach the closest dis-
tance demonstrates that avoidance maneuvers are per-
formed with anticipation. We expect to observe the same
temporal structure of mpd evolutions: over the average du-
ration of interactions (normalized time), the observation
period is between 0% and 10%, reaction period is from
10% to 80% and the regulation period follows from 80%
to 100%.
3.3 Experiments overview
Our experiment is decomposed in two steps, called Experiment
1 and Experiment 2. They shared common elements described
below.
Apparatus Experiments took place in the 4-screen CAVE il-
lustrated in Figure 1, equipped with 13 projectors, 15MPixels
resolution in total, 9m wide, 3m high and 3m deep. 3D environ-
ment display and character animation is designed in the Unity
game engine. Multi-surface rendering is performed by the Mid-
dleVR plugin. Active stereoscopy is achieved with Volfony
ActiveEyes Pro Radiofrequency wearable glasses. Glasses are
tracked by an ART tracking system. The virtual environment
has the same properties (i.e., size, occluding walls) than the
one used in Olivier et al. studies [30, 31].
Task Participants were immersed in an environment where a
character is walking. They performed a collision avoidance task
in the same conditions as presented in [30, 31] and illustrated
in Figure 3. Participants avoided a virtual character walking
along a trajectory perpendicular to their own trajectory. We set
Fig. 3. Virtual environment and experimental situation used in this study. The
virtual human has several starting positions corresponding to different value of
mpd giving the virtual human some advance or delay over the user. Position of
both the user and the virtual human are represented for different times: when they
can see each other tsee and then t0.5,t1 and t2 which are respectively 0.5s, 1s and 2s
after tsee (if there is no adaptation from the user). A dotted line joins the positions
of the character and of the participant at those times for mpd = 0.
wall in the environment to control the moment at which partic-
ipants can perceive the virtual character. Before they see it, the
motion is initiated and participants reach a comfortable regu-
lar speed. In Experiment 1, participants are passively moving
in the virtual environment. In Experiment 2 participants are
asked to reach a green target by using various locomotion in-
terfaces. Collision avoidance with the white character is part
of this task. This virtual character does not react to the partici-
pants. The character has no expression (no face, no texture) and
is animated based on a neutral motion captured locomotion cy-
cle. The comfortable regular speed for the virtual character as
well as for the initial motion of the participant is set to 1.4m.s−1
according to the study of Bohannon [5] on normative walking
speed data. For each experiment, questions about the task were
asked to participants using slides with images and text.
Conditions For both experiments, we controlled the initial
value of the mpd function by shifting the character’s starting
position (Figure 3). We studied the following mpd initial val-
ues: −1.2m, −0.8m, −0.3m, −0.1m, 0.1m, 0.3m, 0.8m and
1.2m. In Figure 3, the virtual human starting position is shifted
to the left with a positive mpd and to the right with a negative
mpd inducing respectively a delay or an advance over the initial
user trajectory. For mpd = {−1.2,−0.8,0.8,1.2}m there is no
risk of collision (the virtual character passes first for negative
values). When mpd = {−0.3,−0.1,0.1,0.3}m, initial trajecto-
ries lead to a collision and participant reaction is required. We
did not study values around 0.5m, for which there is contact
with little penetration: there is an ambiguity between contact
and collision for this distance and we wanted to avoid misin-
terpretations by participants. A trial corresponds to one cross-
ing. There were 4 repetitions for each experimental condition
(mpd conditions combined with the specific ones of each ex-
periment). We had as many trials with the character coming
from the left as from the right, but the situation is considered
the same. Conditions were presented in a randomized order.
Population 15 people (4 women, 11 men) volunteered for
the 2-step experiment. They were 27.2 (±7.6) years old (range:
20 to 52). They were naive with respect to the purpose of
the experiment. All had normal or corrected-to-normal vision.
They gave written and informed consent and the study con-
formed to the declaration of Helsinki.
4 EXPERIMENT 1: PERCEPTION OF RISK OF COLLISION
4.1 Procedure
Experiment 1 evaluates if users accurately perceive the risk of
collision with the moving character. More precisely, we evalu-
ate the visual feedback of the VR system: “does the user have
the required visual information to correctly evaluate the risk of
future collision with a moving virtual character?”
We performed the perceptual experiment illustrated in Fig-
ure 3. Participants passively moved in a VR environment along
a straight trajectory. A moving character is walking along an
orthogonal trajectory. We can accurately control the future dis-
tance of closest approach (e.g., mpd) of the character by delay-
ing or advancing the character on its trajectory at initialization.
Doing so, we could set the character on a collision course or
not with the user, and control the intensity of this risk in terms
of interpenetration volume. The smaller the absolute value of
mpd, the higher the risk of collision.
In this experiment, the participant is only able to perceive
the beginning of the virtual character motion. From the time he
can see the character (after they are no longer hidden from each
other by the wall), we considered 3 cutoff times: 0.5s, 1s and
2s. After the cutoff time, visual information is stopped by dis-
playing a black screen. Thus the participant has a limited time
to assess the situation. To verify if the collision risk was cor-
rectly perceived, the participant was then asked about it: “Will
you collide with the virtual character?” “Will you pass first or
give way?”. For each of these questions, they had to rate their
level of confidence on a 7 point Likert scale (1: not at all confi-
dent to 7: very confident). They were trained to the task 6 times
before recording their answers.
Note that cutoff times were chosen based on a real exper-
iment which showed that adaptations may start 0.5s after the
beginning of interactions (i.e., when participants are able to see
each other) [31]. A total of 192 stimuli were displayed to each
participant: 3 cutoff times, 8 mpd values, 2 sides (from left or
right) and 2 repetitions. The experiment lasted around one hour.
4.2 Analysis
We computed the accuracy of predicting the collision and the
order of passage at the crossing for each condition (see Fig-
ure 4). We also computed the chance level threshold (expected









For this experiment the chance level threshold was between
37.5% and 62.5%. We performed analysis of variance
(ANOVA) with repeated measures on the following factors:
mpd and cutoff time. Greenhouse-Geisser adjustments to the
degrees of freedom were applied, when appropriate, to avoid
any violation of the sphericity assumption. The effect size was
computed using partial eta squared (η2p). When appropriate,
Bonferroni post-hoc tests were used to further analyse signifi-
cant effects.
Fig. 4. Collision risk (a) and order of passage (b) judgment accuracies (mean
±SD).
4.3 Results and Discussion
Figure 4 shows the accuracy of the answers for collision (a)
as well as for order of passage (b) w.r.t. mpd conditions and
cutoff times. The associated levels of confidence are illustrated
in Figure 5.
Risk of collision The accuracy of answers about risks
of collision was influenced by the cutoff time (F(2,28) =
89.11, p < 0.0001,η2p = 0.86) and the mpd (F(2.9,41.8) =
24.86, p < 0.0001,η2p = 0.64), with an interaction between
these two factors (F(6.1,85.9) = 16.7, p < 0.0001,η2p = 0.54).
Post hoc tests showed that the later the cutoff time, the
higher the accuracy (cutoff0.5s(59,5%) <cutoff1s(65.1%) <
cutoff2s(81.7%)). High accuracy was also observed for
situations where mpd is 0.8m or 1.2m and low accuracy
for situations where mpd is 0.3m. The level of confi-
dence of participants’ answer about the risk of collision
was influenced by the cutoff time(F(1.2,17.4) = 37.08, p <
0.0001,η2p = 0.72) and the mpd (F(2.6,36.6) = 22.11, p <
0.0001,η2p = 0.61, with an interaction between these two fac-
tors (F(5.3,73.9) = 5.83, p < 0.0001,η2p = 0.29). Post hoc
Fig. 5. Collision risk (a) and order of passage (b) judgment confidences (mean
±SD.
tests showed that the higher the cutoff, the higher the confi-
dence (cutoff0.5s(4.6) ≈cutoff1s(4.9) <cutoff2s(5.5)). More-
over, we observed higher confidence when there is actually no
risk of collision (when mpd is -1.2m, 0.8m and 1.2m).
Order of passage The order of passage accuracy was only
influenced by mpd (F(1.9,27.7) = 50.35, p < 0.0001,η2p =
0.78). Post hoc tests showed that the accuracy is lower
when mpd is -0.1m compared to all other values. The cor-
responding level of confidence was influenced by the cut-
off time (F(1.2,16.7) = 15.96, p < 0.0001,η2p = 0.53) and
mpd (F(2.7,38.5) = 32.81, p < 0.0001,η2p = 0.70). Post
hoc tests showed that the higher the cutoff, the higher
the confidence about order of passage (cutoff0.5s(5) <
cutoff1s(5.3) <cutoff2s(5.6)). Confidence is also higher when
there is actually no risk of collision (when mpd is -1.2m, -0.8m,
0.8m and 1.2m).
On average participants correctly estimated the condition of
interaction with the virtual human, i.e., the risk of collision as
well as the crossing order. We should however nuance this
statement. The order was early identified: there was no effect
of cutoff time, which means that even for a short cutoff time
(0.5s), participants were accurate to predict the future crossing
order. The level of confidence was correlated with answers ac-
curacy, both for order and risk of collision. Participants were
conscious about their level of accuracy which is an important
point. Indeed, their reaction will probably be delayed if they
do not perceive the situation in a clear enough way, just as in
reality.
Collision accuracy was above the chance level for all con-
ditions only for the 2s cutoff time (except for the condition
mpd = −0.8m). Actually, estimating order is equivalent to
determine if the relative motion is above or below a threshold
(which results into passing in front or behind). Estimating order
may be simpler than estimating the risk of collision. Neverthe-
less, correctly estimating order is more important, as order de-
termines which kind of adaptation improves the situation. For
example to lower the risk of collision using a speed adaptation,
a walker needs to decelerate when giving way and accelerate
when passing first. Finally, collision accuracy was low (i.e.,
below the chance level) for mpd = 0.1m with 0.5s cuttoff time
and for 0.3m with 0.5s and 1s cuttoff times, collision accuracy
was within the chance level for -0.8m, and order accuracy was
low for mpd =−0.1m.
We interpret these observations as a shift in space made by
the participant due to a gap in the perception of their enve-
lope in the virtual world, as if they feel like they are ahead
of their actual virtual position. Indeed, when the character is
passing first with no risk of collision but close to participants
(mpd = −0.8m), many participants’ answers estimate that a
collision will occur. At the opposite when the character passes
behind the participants with a collision with small interpenetra-
tion, many participants’ answers estimate that no collision will
occur (mpd = 0.3m). This interpretation is corroborated by
feedback in questionnaires, several participants indicated that
“I hardly situated myself in the virtual environment”, or that “I
hardly estimated the occupied volume” which “made the ques-
tion about collision harder.” As a conclusion, Hypothesis #1
is validated since on average participants correctly perceive the
situation of interaction with the virtual character but there were
two limitations: information about collision is maybe delayed
in comparison with reality, and the position in the virtual envi-
ronment is perceived with an offset.




In Experiment 2, we consider the same situation of interaction
with a virtual character, but let participants react to the situa-
tion: they can adapt their own motion to avoid collision with
the character when they deem it necessary using a locomotion
interface. We evaluate if the performed adaptations are similar
to real ones. The objective is to evaluate the capacity of a given
locomotion interface to induce natural behaviors.
Our objective is not to perform an exhaustive comparison of
existing interfaces. Nevertheless, we evaluated 6 locomotion
interfaces that use either a joystick or whole-body locomotion
metaphors. First, we chose to evaluate joystick interfaces be-
cause they are commonly used and they were proved to gener-
ate realistic virtual locomotion trajectories in comparison with
real ones [10]. We also considered various transfer functions
(TFs). Note that in contrast with Cirio et al., we focus on in-
teractions with a virtual character and we wonder whether this
joystick-based interface will induce natural adaptations of tra-
jectories. We propose evaluating the 4 following TF, illustrated
in Figure 6 left:
• R (Rotation) The longitudinal axis of the joystick controls
speed s. Speed is bounded to 1.4m.s−1. The lateral axis of
Fig. 6. Left: A participant interacting with a virtual character using a joystick-based interface. We considered 4 transfer functions which general principle and resulting
locomotion traces relatively to the virtual character motion are illustrated. Right: A participant interacting with a virtual character using whole-body locomotion metaphors
(HP and HS) and the associated traces of the resulting locomotion trajectories relative to the virtual character motion.
the joystick controls angular rotation speed θ̇ (bounded to
[−25,25]deg.s−1):
(s, θ̇)virt = (1.4,25).(x,y) joy (2)
where x corresponds to the longitudinal axis of the joy-
stick, and y the lateral one (x,y ∈ [−1,1]).
• S (Side motion) in contrast with R TF, orientation is fixed,
and the lateral axis controls the lateral speed sl of motion:
(s,sl)virt = (1.4,1).(x,y) joy (3)
• A+R (Automatic forward + Rotation) and A+S (Auto-
matic forward + Side motion) TFs combine R and S TF
with an automatic forward motion set at 1.4m.s−1. This
means that users perform actions on the joystick only to
make adaptations to their trajectories while they are auto-
matically moved toward their goal.
A+R : (s, θ̇)virt = (0.6,25).(x,y) joy +(1.4,0) (4)
A+S : (st ,sl)virt = (0.6,1).(x,y) joy +(1.4,0) (5)
We have chosen these 4 TF for the following reasons: R and
S TFs are two different ways of controlling trajectory orien-
tation. By adding the automatic motion A+, we compare two
different ways of controlling speed. Note that for A+ TFs, the
participants act on the joystick only when they need to perform
adaptations (when the joystick is released, motion is directed
toward the goal, at comfortable speed). The joystick axis gains
(0.6,1m.s−1,25deg.s−1) for each TF were carefully chosen. In
real avoidance, adaptations are bounded. The gains we chose
are high enough to allow participants to reach those bounds,
while they are as low as possible to allow participants to ac-
curately control their motion and avoid jerky adaptations that
provoke cybersickness.
Second, we also focus on other interfaces which require
physical motions that involve the whole body. Indeed, joystick
only requires hand movements that may not be representative
of human dynamics. We evaluated two metaphors illustrated
on Figure 6 right. The first one is the human position metaphor
(HP) and is based on an automatic forward motion combined
with offset translations:
(x,y)virtual = (1.4t,0)+(x,y)real (6)
where t is the time and (x,y)real the participant position (offset
from rest position, marked on the floor by a brown circle as
displayed in the companion video).
The second metaphor is named the human-stick metaphor
(HS). Participants virtually move by leaning in the desired di-
rection of motion.
(s,sl) = (kx,ky).(x,y)head (7)
where s is the longitudinal virtual speed, sl the lateral one, and
(x,y)head the position of the head (offset from rest position). kx
and ky are gains: they are calibrated for each participant during
training so that they feel comfortable with the technique. Note
that during the training, no feedback was given to users.
5.1.2 Procedure
Each of the 6 locomotion interfaces (Joystick with Transfer
Functions R, S, A+R, A+S and whole-body metaphors HS,
HP) were each studied successively, but to avoid ordering ef-
fects, we used a latin square design to randomize the sequence
of interfaces. Before experimenting each interface, participants
could train as much time as they wanted in a dedicated en-
vironment (large room with traffic cones on the floor), then
they trained on the avoidance task 6 times. For each loco-
motion interface participants performed 32 collision avoidance
trials presented in a randomized order: 8 conditions of mpd,
2 sides and 2 repetitions. In total, 192 trials were performed
(≈ 1h15min). At the end of the experiment, participants filled
a subjective questionnaire about each of the tested locomotion
interfaces. The questionnaire measured the learning, usability,
efficacy and satisfaction of interfaces through an adaptation of
the USE questionnaire [25], which included the statements pre-
sented below. Users answered using a 7-point Likert scale from
1 (strongly disagree) to 7 (strongly agree).
• Learning:
– It was easy to learn to use this interface
– It was easy to remember how to use this interface
• Usability:
– It was easy to use this interface
– The motion resulting from this interface was intu-
itive
• Efficacy:
– This interface allows you to perform the task suc-
cessfully
– The motion resulting from this interface was in ac-
cordance to the one you wanted to perform
• Satisfaction:
– You were satisfied to use this interface to perform the
task
– This interface was pleasant to use
5.1.3 Analysis
For each trial, we recorded participants’ trajectories. We com-
puted the number of collisions with the virtual walker per par-
ticipant. We computed for each trial the mpd as defined in
Olivier et al. studies [31, 30]. We focused our analysis on
the normalized interaction phase, between tsee (0%), the first
instant the user can see the virtual human, and tcross (100%),
the instant when the distance between the user and the virtual
human is minimal. We studied mpd only on trials for which
the initial experimental conditions were respected (mpd(tsee)
±20cm). We computed the derivative of mpd on the normal-
ized time and analysed its changes of sign to identify the main
phases (no change, increase or decrease of the mpd value) in
mpd time evolution with respect to the locomotion interface.
Statistics were performed using Statistica Software. All ef-
fects were reported at p < 0.05. Normality was assessed us-
ing a Kolomogorov Smirnov test. We performed analysis of
variance (ANOVA) with repeated measures on the locomotion
interface factors. The dependent variables were the number of
collisions and minimum distance between the user and the vir-
tual human, i.e., mpd(tcross). Greenhouse-Geisser adjustments
to the degrees of freedom were applied, when appropriate, to
avoid any violation of the sphericity assumption. The effect
size was computed using partial eta squared (η2p). When appro-
priate, Bonferroni post-hoc tests were used to further analyse
significant effects.
To compare initial and final values of mpd during the inter-
action we used paired t-test for each initial experimental value
of mpd (grouped by absolute value) and each locomotion in-
terface. We also compared for each locomotion interface the
general results of mpd at tcross (all initial experimental con-
ditions of mpd gathered) with the ones obtained in [31] using
independant t-test. We also compared for each locomotion in-
terface the values of mpd for several instants representing the
change of sign of mpd time derivative using a Wilcoxon signed
rank test. Finally we analyzed the influence of the locomotion
interface on the answers to the questionnaire using a Friedman
test with a post hoc Wilcoxon signed rank test for each item.
5.2 Results and Discussion
Resulting trajectories relative to the virtual character motion
are displayed in Figure 6 for each of the locomotion interfaces
of the experiment. The number of collision avoidance failures,
i.e. trials where there was a collision, is illustrated in Figure 7.
There was an effect of the locomotion interface on the total
number of collisions per participant (F(2.1,29.3) = 16.5, p <
0.0001,η2p = 0.54). Bonferroni post-hoc tests showed that there
were more collisions with the HP interface compared to the
other ones (p < 0.05), which makes it a bad candidate to match
human behavior. This combination between real walking (to
create offset position) and automatic virtual walking probably
made the estimation of the self-position and the relative motion
of the character too complex.
For each locomotion interface, average mpd evolution during
the interaction phase is displayed in Figure 8a. First, we ana-
lyzed if there were differences in mpd values between the first
instant of the interaction 0% (tsee) and the last instant 100%
Fig. 7. Average number of collisions (± SD) with the virtual character per partici-
pant (among 32 trials per participant).
(tcross). Results of the paired t-tests are reported in Figure 8b.
Results showed, for each initial experimental condition of mpd
(gathered by absolute value of mpd(tsee): 0.1, 0.3, 0.8 and
1.2m) and for each locomotion interface, that mpd(tcross) was
higher than mpd(tsee). This means that users adapted their tra-
jectories to avoid a collision with the virtual human in order to
provide them with sufficient space at the crossing: the adap-
tations of the users’ trajectories were then efficient to perform
collision avoidance, which validates Hypothesis #1.
Moreover, in real conditions, it was shown that walkers
performed an adaptation of their trajectory to increase mpd
only when mpd(tsee) was below 1m [31]. In our exper-
iments, we also observed an adaptation for a 1.2m initial
mpd value. Second, results showed that the crossing dis-
tance is influenced by the locomotion interface (F(2.6,36.2) =
6.21, p < 0.005,η2p = 0.3). Bonferroni post-hoc tests showed
that mpd(tcross) value is lower for HP interface compared to
the other ones (p < 0.05). Finally, multiple t-test compar-
isons between the crossing distance reported in real conditions
(mpd(tcross) = 0.84±0.19m) [31] and the crossing distance ob-
tained for each virtual locomotion interface showed a signifi-
cant difference where mpd(tcross) is higher for all of the vir-
tual conditions in comparison with the real ones (p < 0.001).
In conclusion, we show that, in comparison with reality, users
adapt their locomotion for lower risk of future collision (ab-
sence of adaptation would lead to a collision free motion), and
that they perform larger adaptations which result into larger
passage distance in VR. We interpret that this difference in the
adaptation threshold could be a consequence of the compres-
sion of distance perception in VR.
For each locomotion interface, average time derivative of
mpd during the interaction phase is displayed in Figure 9a.
For each curve, we identified all the instants corresponding
to a change of sign of mpd time derivative and we computed
the corresponding mpd values. Then, we applied Wilcoxon
signed rank tests to compare the mpd values which encompass
these changes of sign to characterize the evolution of mpd (no
change, increase, decrease). Results of these tests are reported
on Figure 9b. Results from the collision avoidance between
Fig. 8. a) Average mpd evolution in time during interaction. b) Results of
the paired t-test comparisons between mpd(tsee) and mpd(tcross) (*** means
p < 0.001).
two real walkers [31] are reported on the top of Figure 9b for
comparison purpose. The first main result is that for all lo-
comotion interfaces, we can observe that collision avoidance
task is solved by anticipation. Indeed, mpd increase (in red
on the figure) is over before the crossing. As in real condi-
tions, mpd is even slightly decreased (in blue) but maintained
to a comfortable value. This validates Hypothesis #2. When
considering the whole duration of interaction, results showed
that collision avoidance was strictly temporally structured as in
real conditions (observation (green), reaction (red), regulation
(blue)) only for the Joystick with A+R TF and the HS interface.
The analysis of questionnaires, illustrated in Figure 10, did
not show any effect of the locomotion interface on the effi-
cacy item (χ2(5) = 9.68, p = 0.085), even if the HP inter-
face led to higher collisions with the virtual human. However,
the locomotion interface significantly influenced the users’ an-
swers on the learning (χ2(5) = 15,97, p = 0.0069), usabil-
ity (χ2(5) = 21.65, p = 0.00061) and satisfaction (χ2(5) =
16.12, p = 0.0065) items. Post hoc analyses showed that par-
ticipants preferred the A+S TF compared to HP and the HS
ones (p < 0.01) for learning. Users found that HS interface was
Fig. 9. a) Average time derivative of mpd for each locomotion interface. b)
Results of the Wilcoxon signed-rank test comparisons concerning the evolution of
mpd between each change of sign of its time derivative. Results for real conditions
are reported from [31].
lower in term of usability than the 4 joystick TFs (p< 0.05). Fi-
nally, users were less satisfied with the HS interface than with
the joystick associated with A+R and A+S TFs and with the
HP interface (p < 0.05). From this analysis, it appears the HS
locomotion interface was less appreciated than the other ones.
We believe that the main reason is that it requires more physical
effort than the joystick and the HP interface(freely reported by
5 participants: “the HS was tiring”).
6 GENERAL DISCUSSION
Can Virtual Reality be used to study the kinematics of locomo-
tion interactions, such as collision avoidance? We should re-
mind that VR offers a unique opportunity to deeply understand
local interactions between humans during locomotion. Such
interactions are difficult to study in real conditions, because in-
teractions depend on relative kinematics parameters (relative
distance, motion, speed or angle), which cannot be easily con-
trolled and repeated over trials. Nevertheless, understanding
how humans respond in those situations of interactions is cru-
cial to design crowd simulators: microscopic approaches are
based on models of local interactions between people. The
Fig. 10. Subjective feedback of participants with respect to the locomotion inter-
faces in term of learning, usability, efficacy and satisfaction aspects. Results are
presented as median values of the users’ answers.
crowd simulation application field is large, ranging from ar-
chitecture design to the entertainment industry. Because we are
able to accurately control a virtual character motion, and be-
cause we can also control it with respect to the participant mo-
tion, VR facilitates the full control of some complex situations
of interaction between humans, with the ability to accurately
repeat them over several subjects. An example of such a study
is presented in [7]. There is no easy way to control the relative
motions of subjects in real experimental conditions. The ques-
tion is the validity of experimental data acquired using VR.
We proposed two experiments to address the question of us-
ability of VR to perform acquisition of kinematics data on inter-
actions, in which we considered the trajectory formed by partic-
ipants immersed in situations of local interactions with a virtual
character. We studied the locomotion trajectories formed by the
participants using various locomotion interfaces. We compared
some characteristics of these trajectories with real ones.
Our study is decomposed in 2 steps. In a first step, we eval-
uate the user’s perception of the collision risk with a moving
virtual character. We showed that the risk of collision is mostly
perceived with a high level accuracy when participants have
enough time to evaluate the situation. There are two excep-
tions, when mpd equals −0.8m and 0.3m. These values cor-
responds to situation where the future distance of approach is
close to distance of contact: this is not surprising to find some
false answers around this value. However, wrong answers are
not symmetric with the passage order. When the character pass
behind (mpd = −0.8m), participants provide false positive an-
swer (erroneous estimation of a risk of collision). At the op-
posite, when the character pass in front (mpd = 0.3m), partic-
ipants provide false negative answers (erroneous estimation of
absence of risk of collision). Our interpretation is that partic-
ipants estimate their own position in the virtual space with a
forward shift: they estimate to be about tens centimeter ahead
their actual position.
In a second step, we compare collision avoidance metrics
with the ones observed in real conditions by considering a joy-
stick with various control laws or body-based locomotion in-
terfaces. All the studied locomotion interfaces led to qualita-
tively realistic trajectories, with some quantitative differences
in comparison with real avoidance behaviors. In particular, par-
ticipants estimated their position with roughly ten centimeters
shift, they slightly over-adapted their trajectories (i.e., they in-
creased clearance). Those differences may result from mistakes
in distance perception in VR [21, 23, 35].
Our results show that VR is a relevant tool to acquire kine-
matics data. Indeed, our most important conclusion is that,
in the situation we studied, users had a similar behaviors be-
tween real conditions or virtual ones. This means that they per-
formed the same successive phases during avoidance (observa-
tion, anticipated avoidance maneuvers, regulation of the cross-
ing distance), they respected the initial order of passage at the
crossing point as expected, etc. These results which highlight
strong similarities between avoidance behaviors in real and vir-
tual conditions can be linked to the results of Cirio et al. [10]
who observed that users control the same way their trajectory
in virtual environments than in real environments to achieve
goal-oriented locomotion tasks.We thus recommend corrobo-
rating VR measurements with real empirical data if quantita-
tive analysis is required. A quantitative analysis to compare
real and virtual conditions of interactions has been presented in
[1]: this study also shows that users adapt their trajectory dif-
ferently when avoiding a virtual object or a virtual character,
just as they do in real conditions.
More precisely, we showed that the joystick device combined
with A+R TF matches best with human behavior observed in
real conditions, which makes it a good candidate for natural
walking and interaction with other people. Some limitations of
the tested interfaces can nonetheless be identified. The inter-
faces that include an automatic motion component (A+R, A+S,
HP) constrained adaptations around the “ideal speed” which is
automatically followed. Note that R and A+R TFs are the only
ones that enable participants to freely navigate in the entire
environment (orientation is constant with the two other tech-
niques). R and S TFs for joystick-based techniques are also
limited, because speed adaptations by accelerating could not be
performed, users pushed the joystick fully ahead from the be-
ginning. HS metaphor does not have such limitations, but users
disliked it, and it resulted in the most important quantitative
differences with real situations.
As a second conclusion, we are able to provide VR platform
designers with guidelines to choose the most adequate locomo-
tion interface. Generally speaking, this article provides a full
method to evaluate how realistically users can behave in in-
teractions during locomotion tasks. Among the interfaces we
tested, we can recommend some depending on the type of lo-
comotion task experimenters want to study. For simple loco-
motion task (e.g., go ahead) with limited adaptations, joystick
with A+R TF is the best option. For more complex tasks and
adaptations, joystick with R TF is recommended. As a sec-
ond conclusion, we are able to provide VR platform designers
with guidelines to choose the most adequate locomotion inter-
face. Generally speaking, this article provides a full method to
evaluate how realistically users can behave in interactions dur-
ing locomotion tasks. Among the interfaces we tested, we can
recommend some depending on the type of locomotion task ex-
perimenters want to study. For simple locomotion task (e.g., go
ahead) with limited adaptations, joystick with A+R TF is the
best option. For more complex tasks and adaptations, joystick
with R TF is recommended.
7 CONCLUSION
In this article, we study and discuss the use of Virtual Real-
ity to observe humans during locomotion and interaction tasks.
Our results show that Virtual Reality offers opportunities for
qualitative analysis of such human behaviors and opens several
perspectives. First, we had to restrict the number of studied
interfaces for experimental reasons. We considered the most
commonly used ones, especially the joystick. This is few in
comparison with the numerous existing ones (for example, om-
nidirectional treadmills would be relevant). We also focused on
a few transfer functions associated with the joystick device and
additional work should be relevant for a better understanding of
what aspect of the function relates to how humans move.
Second, we did not consider head-mounted displays which
are interesting since they allow participants to walk in a large
environment. However, they suffer from limited peripheral vi-
sion (used to detect future risks of collision) or low resolution
displays. Moreover they need very accurate tracking of orienta-
tions, and can provoke cybersickness. The use of a CAVE was
then suitable for this first validation of the platform, and future
investigation is required for HMD interfaces.
Third, we studied interactions with a passive character. The
reason was that we wanted to expose all the users to exactly the
same situations. This is a key aspect to standardize the experi-
mental conditions. Moreover, if a reactive character is wanted,
the question of the algorithm to steer the character’s motion
and of its level of realism is a difficult one. We could have used
a moving cylinder to make it more obvious that only the user
would perform the collision avoidance task. However, users
were informed about the passiveness of the virtual walker and
they should not expect cooperation which should reduce the
bias induced by such a virtual obstacle. Moreover, participants
started adapting their trajectories once the collision risk was de-
tected, before any adaptation from the virtual character can be
expected. Thus only the final part of the interaction would be
impacted. Indeed, the quantity of adaptations is undoubtedly
higher with a passive character because only the participants
perform trajectory adaptations.
There is still a lot of investigation to perform, not only about
the whole trajectory, but also about the clues conveyed by head
and shoulder orientations, eye contact, etc. It is probably im-
portant and relevant to animate characters so that they accu-
rately display those clues, probably more than questions about
character responsiveness and ability to adapt his locomotion
trajectory.
More generally, human behaviors in crowds are poorly un-
derstood now. Crowd behaviors studies in real conditions are
extremely complex to perform. We believe that VR provides a
unique opportunity to study individual behaviors in crowds and
could provide a deep understanding of the process by which
human control their motion in such a context. Following this
research path, we may expect large progress for microscopic
crowd simulation algorithm in terms of realism, as well as ex-
tension of their application field.
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walking trajectories. IEEE Transactions on Visualization and Computer Graphics,
19(4):671–680, Apr. 2013.
[11] J. E. Cutting, P. M. Vishton, and P. A. Braren. How we avoid collisions with station-
ary and moving objects. Psychological review, 102(4):627–651, 1995.
[12] T. Ducourant, S. Vieilledent, Y. Kerlirzin, and A. Berthoz. Timing and distance
characteristics of interpersonal coordination during locomotion. Neuroscience let-
ters, 389(1):6–11, 2005.
[13] B. R. Fajen and W. H. Warren. Behavioral dynamics of steering, obstable avoidance,
and route selection. Journal of Experimental Psychology: Human Perception and
Performance, 29(2):343–362, 2003.
[14] P. W. Fink, P. S. Foo, and W. H. Warren. Obstacle avoidance during walking in real
and virtual environments. ACM Trans. Appl. Percept., 4(1), Jan. 2007.
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